ABSTRACT Chickens genetically selected for low (LA) or high (HA) antibody response to SRBC displayed a correlated change in MHC, so that LA chickens were 96% B13 and HA chickens were 96% B21. The LA line appears to be less susceptible to invasion by extracellular pathogens, whereas HA chickens are more resistant to infection by intracellular organisms. Resistance to Clostridium perfringens is one instance in which the lines do not follow their established trend of pathogen susceptibility, where during a clinical outbreak of necrotic enteritis, B21B21 genotypes experienced significantly less mortality than B13B13 genotypes. A study was carried out to assess immunological differences between LA and HA lines during exposure to C. perfringens α-toxin. Peripheral blood mononuclear cells were isolated from each genetic line, cultured with or without lipopolysaccharide (4 h), and exposed to varying concentrations of α-toxin (1; 10; 100; and 1,000 U/L) for 2 and 4 h. Evaluation of cellular proliferation, percentage of cytotoxicity, and immunological gene expression was carried out in a series of experiments. Cells isolated from HA chickens had significantly increased proliferation than those from LA chickens at low toxin levels (1 and 10 U/L) and significantly decreased proliferation at high toxin levels (100 and 1,000 U/L). Following exposure to lipopolysaccharide, the percentage of cytotoxicity was higher for LA than HA cells. In both assays, HA cells displayed superior performance following lipopolysaccharide-stimulation. Gene expression analysis of immune transcripts by quantitative real-time PCR revealed significantly upregulated expression of interferon (IFN)-γ, interleukin (IL)-8, IL-13 (2 h), IL-15, and CXCLi1 (4 h) in HA than LA chickens. Cells isolated from the LA line displayed significantly elevated expression of IL-2, IL-10, IL-13 (4 h), IL-16, IL-18, inducible nitric oxide synthase (iNOS), CXCLi1 (2 h), and lipopolysaccharide-induced tumor necrosis factor-α factor (LITAF) compared with the HA line. Clearly, these 2 genetic lines display highly divergent immune responses in regards to C. perfringens toxin exposure.
INTRODUCTION
Disease resistance as influenced by genetic factors has been extensively studied for numerous decades in a variety of species (Warner et al., 1987; Gogolin-Ewens et al., 1990; Hirschhorn et al., 2002) . Specifically, the MHC is known to play a vital role in immune response and disease resistance to autoimmune, viral, bacterial, and parasitic diseases (Lamont, 1989) . In a selective breeding experiment conducted at Virginia Tech (Blacksburg), White Leghorn chickens were genetically selected for low (LA) or high (HA) antibody response 5 d following intravenous injection of 0.1 mL (0.25% suspension) of SRBC Kuehn et al., 2006) . Chickens exhibited a correlated change in MHC so that by the tenth generation of selection, LA birds comprised 99% B13, whereas HA birds were 80% B21 (Dunnington et al., 1984) . Selection is currently in the thirty-eighth generation, during which the lines have been extensively used in a multitude of experiments and studies. The LA chickens have been observed to possess larger thymuses but smaller spleens and bursae of Fabricius (Ubosi et al., 1985) . During the first 250 d posthatch, LA chickens are heavier, more feed efficient, reach sexual maturity earlier, lay a larger number of eggs, and maintain fertility for a longer period of time (Siegel et al., 1982) . The HA chickens have generally been found to be less susceptible to intracellular pathogens, including Newcastle disease, Mycoplasma gallisepticum, Eimeria necatrix, feather mites , E. tenella (Martin et al., 1986) , and Marek's disImmunological responses to Clostridium perfringens alpha-toxin in two genetically divergent lines of chickens as influenced by major histocompatibility complex genotype ease (Dunnington et al., 1996) . In contrast, LA chickens generally display increased resistance to extracellular pathogens, such as Escherichia coli and Staphylococcus aureus . Additionally, the lifetime mortality due to nonspecific causes was higher for the LA than the HA line (Siegel et al., 1982) .
Resistance to Clostridium perfringens is one instance in which the lines do not follow their established trend of pathogen susceptibility. A flock containing sublines from each background genome (LA and HA), as well as both MHC genotypes (B13 and B21) were diagnosed with necrotic enteritis on d 214, at which time litter was immediately replaced and 0.05% bacitracin was added to the feed (Siegel et al., 1993) . No Eimeria infection was detected in the flock. Following examination of daily records, there was no real difference in mortality between background genomes; however, chickens possessing B13B13 genotypes experienced significantly higher mortality than B21B21 birds (15 vs. 6%) beginning at an earlier time point. The B13B13 genotypes also exhibited a significantly earlier decrease in hen-day egg production but recovered more quickly than B21B21 birds.
The causative agent of necrotic enteritis is the anaerobic bacterium C. perfringens. There are 5 main types of C. perfringens (A, B, C, D, and E) that produce 4 main toxins (α, β, epsilon, and iota) as well as a common enterotoxin encoded by the cpe gene (Niilo, 1980; Sheedy et al., 2004) . Type A is responsible for producing avian necrotic enteritis as well as gas gangrene and some forms of human food poisoning (Wages and Opengart, 2003; Weiduo et al., 2007) . The C. perfringens α-toxin is produced by all 5 types; however, type A is unique in that it is the only strain known to exclusively secrete α-toxin. α-Toxin is a zinc-metalloenzyme with phospholipase C and sphingomyelinase activities (Songer, 1997) . Research conducted over the past several decades has consistently implicated α-toxin as one of the main virulence factors of C. perfringens in the pathogenesis of avian necrotic enteritis (Al-Sheikhly and Truscott, 1977a,b,c; Fukata et al., 1988; Kulkarni et al., 2007 Kulkarni et al., , 2008 Zekarias et al., 2008; Cooper et al., 2009) .
The purpose of this study was to evaluate immunological differences between LA and HA lines during exposure to C. perfringens α-toxin. Chickens used in the following experiments were from the 37th generation of selection and are fixed at HA B21 and LA B13. An ex vivo experiment was designed to investigate the effects of C. perfringens α-toxin (1; 10; 100; and 1,000 U/L) on peripheral blood mononuclear cells (PBMC) isolated from each genetic line. Incubation with lipopolysaccharide (LPS; 4 h) was used to simulate bacterial infection before incubation with α-toxin (2 and 4 h). The LPS-priming was expected to result in heightened immune response during α-toxin exposure, which was evaluated through cell proliferation and cytotoxicity assays, as well as relative expression analysis of immune gene transcripts by quantitative real-time (qRT) PCR.
We hypothesized that cells isolated from HA chickens would exhibit increased cell proliferation and decreased cytotoxicity than those isolated from LA chickens. All procedures were carried out in accordance with guidelines established by the Virginia Tech Institutional Animal Care and Use Committee.
MATERIALS AND METHODS

Blood Collection and PBMC Isolation
Blood extracted from line HA and LA chickens was pooled among individuals within each line and kept on ice until it was brought back to the laboratory for PBMC isolation. For each assay, approximately 200 mL of blood were collected from each line (about 7 to 10 birds/line). For gene expression analysis, 500 mL of blood were collected from each line (about 13 to 15 birds/line).
All PBMC isolation procedures were carried out under sterile conditions inside a certified biological safety cabinet. Cells were isolated by density gradient centrifugation using Histopaque 1077 (Sigma Aldrich, St. Louis, MO) according to the manufacturer's protocol. After aspirating the supernatant for the final time, an appropriate amount of Dulbecco's Modified Eagle's Medium (DMEM; Mediatech Inc., Manassas, VA) supplemented with 2 mM l-glutamine, 100 U/mL of penicillin, 100 µg/mL of streptomycin, 0.25 µg/mL of amphotericin B, and 10% fetal bovine serum (all from Atlanta Biologicals Inc., Lawrenceville, GA) was added to each tube depending on the size of the cell pellet (approximately 2× the size of the pellet). Total number of cells was determined using Trypan blue and a hemacytometer. Supplemented DMEM was added to each tube to obtain the desired final concentration of cells.
Treatment Groups and Plate Setup
For each assay/experiment, wells containing cells were assigned to 1 of 4 main treatment groups (Table 1) . Experiments were run in triplicate for each time point (2 and 4 h), as well as each concentration of α-toxin (1; 10; 100; and 1,000 U/L). Commercially available α-toxin was obtained from Sigma Aldrich (phospholipase C from C. perfringens, Type 1). Toxin concentrations used were based on previous experiments (Rehman et al., 2009; Tumurkhuu et al., 2009 ).
Quantification of Cell Proliferation
The PBMC were seeded into 96-well cell culture plates (one plate for each genetic line) at a concentration of 10 3 cells/well with a total volume of 100 µL/well. Cells were incubated overnight at 39°C with 5% CO 2 to allow for proper adherence. The following day, media were removed from each well and cells were gently washed with 100 µL of plain DMEM. One hundred microliters of LPS (Sigma Aldrich) were added to groups 3 and 4 at a concentration of 5 µg/mL; 100 µL of supplemented DMEM were added to groups 1 and 2, and plates were incubated for 4 h at 39°C with 5% CO 2 . Following incubation, LPS and media were removed and cells washed with 100 µL of plain DMEM. Alpha-toxin was added to groups 2 and 4 at concentrations of 1, 10, 100, and 1,000 U/L with a total volume of 100 µL/well. Supplemented DMEM was added to groups 1 and 3 (100 µL/ well) and plates were incubated for 2 h at 39°C with 5% CO 2 . Following this incubation, cell proliferation was quantified in half of the wells (2-h time point) using a commercially available cell proliferation kit (CellTiter 96 Nonradioactive Cell Proliferation Assay; Promega, Madison, WI), following the manufacturer's protocol. Plates were immediately returned to the incubator for an additional 2 h. After a total of 4 h of incubation, cell proliferation was similarly quantified in the remaining wells.
Following the manufacturer's protocol, a dye solution containing a tetrazolium component, which is converted into formazan by living cells, was added to each well. The amount of formazan product produced, detected by a microplate reader (optical density 595 nm), is therefore proportional to the number of living cells. To calculate the amount of cell proliferation, the treatment average for the negative control (group 1) of each genetic line was set to zero by subtracting the average optical density reading for group 1 from each individual value.
Quantification of the Percentage of Cytotoxicity
The PBMC were seeded into 96-well cell culture plates (one plate for each genetic line) at a concentration of 2 × 10 4 cells/well with a total volume of 200 µL/well. Cells were treated in the same manner as described previously. In this experiment, cell cytotoxicity was quantified using a commercially available cytotoxicity kit (LDH Cytotoxicity Detection Kit; Clontech, Mountain View, CA), following the manufacturer's protocol.
Lactose dehydrogenase (LDH), an enzyme present in the cytoplasm of cells, is quickly released upon damage of the plasma membrane. Following the manufacturer's protocol, a reaction mixture was incubated with cell-free supernatant, during which lactic acid was converted to pyruvic acid by LDH and also tetrazolium was converted to formazan. The number of dead cells is therefore directly proportional to both an increase in LDH production as well as the amount of formazan product produced, which was quantified using a microplate reader (optical density 492 nm). The percentage of cytotoxicity was calculated using the following formula: [(triplicate absorbance -low control)/(high control -low control)] × 100.
Gene Expression Analysis
The PBMC were seeded into 6-well cell culture plates at a concentration of 5 × 10 5 cells/well with a total volume of 2 mL/well. Cells were treated in the same manner as described previously. Following the 2-and 4-h incubation time points, α-toxin and media were removed and 600 µL of RNeasy lysis buffer were added directly to the wells. The RNA extraction was performed using Qiagen RNeasy Mini Kit (Valencia, CA) following the cell spin method and using QIAshredder columns. The RNA concentration and quality were determined using a NanoDrop (ND-1000) spectrophotometer (NanoDrop products, Wilmington, DE); the optical density 260/280 ratio was examined to ensure RNA quality. Then, cDNA was transcribed using Applied Biosystems High Capacity cDNA Reverse Transcription Kit (Foster City, CA), following the manufacturer's protocol, diluted 1:30 and stored at −20°C until use. Primers were designed using Primer Express 3.0 (Applied Biosystems) software and synthesized by Eurofins MWG Operon (Huntsville, AL). A list of primer sequences is provided in Table 2 . Real-time PCR (quantitative ΔΔCt) was performed on an Applied Biosystems 7500 Fast RT-PCR system using Fast SYBR green (Applied Biosystems); glyceraldehyde-3-phosphate dehydrogenase served as the endogenous control. Samples were run in triplicate in 96-well plates. Relative gene expression data were analyzed using the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ) and the average ΔCt values of group 1 served as the calibrator within each time point (2 or 4 h of incubation with α-toxin).
Statistical Analysis
Data were analyzed using the Fit Model platform in JMP 8.0 (SAS Institute Inc., Cary, NC). Effects included genetic line, toxin concentration, and LPS stimulation and all possible interactions, which were analyzed by ANOVA. Differences among treatments were detected by Tukey's honestly significant differences. Significance was accepted at P ≤ 0.05 and results are reported as least squares means.
RESULTS
Cell Proliferation
Following 2 h of incubation with α-toxin, nonstimulated HA cells (group 2) had significantly less prolifera- Figure 1A ). Toxin-free, LPSstimulated HA cells (group 3) proliferated significantly more than similarly treated LA cells. The HA cells in group 4 also had significantly more proliferation than LA cells at 1 and 10 U/L toxin concentrations. However, group 4 HA cells subjected to 100 and 1,000 U/L toxin concentrations proliferated significantly less than LA cells. After 4 h of incubation with α-toxin, trends were similar to those exhibited by cells after 2 h of toxin incubation ( Figure 1B ). At 100 and 1,000 U/L toxin concentrations, HA cells in both groups 2 and 4 proliferated significantly less than LA cells. However, group 4 HA cells proliferated significantly more than LA cells at the 1 U/L toxin concentration.
Cytotoxicity
Cell cytotoxicity was not significant at 2 h; however, by 4 h it approached significance (P = 0.0568). After For: 5′ -TGTTCTATGACCGCCCAGTTC -3′ AY765397 Rev: 5′ -AGACGTGTCACGATCATCTGGTTA -3′ 1 For = forward primer; Rev = reverse primer. Sequences were generated using Primer Express 3.0 (Applied Biosystems, Foster City, CA) software and synthesized by Eurofins MWG Operon (Huntsville, AL).
2 Inducible nitric oxide synthase. 3 Lipopolysaccharide-induced tumor necrosis factor-α factor. both 2 and 4 h of incubation with α-toxin, the percentage of cytotoxicity for HA and LA cells was directly proportional to the amount of toxin present ( Figure  2A,B) . Following 2 and 4 h of toxin incubation, cells in groups 2 and 4 performed similarly, with LA cells exhibiting slightly higher cytotoxicity than HA cells (Figure 2A ). Although cells in group 3 appear to have exhibited negative cytotoxicity (Figure 2) , the formula used to calculate the percentage of cytotoxicity resulted in group 1 values set to zero. Therefore, group 3 cells simply experienced less cytotoxicity than group 1 cells.
Gene Expression
When exposed to 1,000 U/L of toxin for 2 h, cells isolated from HA chickens exhibited significantly higher interferon (IFN)-γ expression than those isolated from LA chickens ( Figure 3A ). We were, however, unable to obtain a sufficient amount of high-quality RNA from cells incubated with 1,000 U/L of α-toxin for 4 h, presumably because of extreme cell death, as evidenced by cell cytotoxicity. The IFN-γ was also significantly increased in HA cells exposed to 100 U/L of toxin for 4 h ( Figure 3B ). The interleukin (IL)-8 expression was significantly upregulated in group 4 LA cells subjected to 100 U/L of α-toxin for 2 h, as well as both group 2 and 4 cells subjected to 1,000 U/L of toxin ( Figure  3C ). Following 4 h of incubation with α-toxin, however, IL-8 expression was significantly higher in group 4 HA cells exposed to 10 U/L ( Figure 3D) . After 2 h, IL-15 expression was significantly higher in group 2 HA than LA cells incubated with 1 U/L of toxin, as well as in group 4 HA cells incubated with all 4 toxin concentrations ( Figure 3E ). Compared with LA cells, IL-15 expression was still significantly increased in group 4 HA cells subjected to 1 and 100 U/L for 4 h ( Figure 3F ).
Both group 2 HA cells subjected to 1,000 U/L of toxin and group 4 cells subjected to 100 U/L of toxin exhibited significantly increased IL-13 expression following 2 h of incubation ( Figure 3G ). When exposed to 100 U/L of toxin for 4 h, group 4 LA cells had significantly lower CXCLi1 expression than HA cells ( Figure 3H) .
Following 2 h of incubation with 10 and 100 U/L of toxin, IL-2 expression increased significantly in group 4 LA cells relative to HA cells ( Figure 4A ). Whereas after 4 h of incubation with α-toxin, group 2 LA cells showed increased IL-2 expression when exposed to 10 and 100 U/L of toxin ( Figure 4B ). When subjected to α-toxin for 2 h, IL-10 was significantly upregulated in group 4 HA cells at 100 U/L and group 4 LA cells at 1,000 U/L ( Figure 4C ). Also, IL-10 was significantly upregulated in LA cells exposed to 100 U/L of toxin for 4 h either in the presence or absence of LPS ( Figure 4D ). When exposed to 1,000 U/L of α-toxin for 2 h, LA cells showed significantly upregulated IL-16 expression compared with HA cells; however, in the presence of LPS, HA cells exhibited significantly higher IL-16 expression than LA cells at 100 U/L ( Figure 4E) . Following 4 h of incubation, IL-16 was significantly elevated in group 2 LA cells exposed to 1, 10, and 100 U/L, group 4 cells exposed to 100 U/L, as well as group 3 cells ( Figure 4F ). Group 4 LA cells subjected to 100 and 1,000 U/L of toxin for 2 h exhibited significantly higher IL-18 expression than HA cells ( Figure 4G ). After 4 h of incubation with 1, 10, and 100 U/L of toxin, group 2 LA cells also exhibited significantly upregulated IL-18 expression ( Figure 4H ). Inducible nitric oxide synthase (iNOS) was significantly elevated in group 4 LA cells exposed to 10, 100, and 1,000 U/L of toxin for 2 h ( Figure 4I ). Also, iNOS was significantly upregulated in group 4 LA cells exposed to 100 U/L for 4 h; however, expression was significantly higher in group 4 HA cells Figure 2 . Effect of Clostridium perfringens α-toxin on cell cytotoxicity. Data show effect of Clostridium perfringens α-toxin (Phospholipase C, Type 1; Sigma Aldrich, St. Louis, MO) on cytotoxicity of peripheral blood mononuclear cells isolated from chicken lines genetically selected for low (LA) or high (HA) antibody response to SRBC. Groups 3 and 4 were stimulated with lipopolysaccharide (LPS; 5 µg/mL) for 4 h, and groups 2 and 4 were incubated with varying concentrations (1, 10, 100, and 1,000 U/L) of α-toxin for 2 h (panel A) and 4 h (panel B). Cellular cytotoxicitgy was quantified using LDH Cytotoxicity Detection Kit (Clontech, Mountain View, CA). Assay details are provided in the Materials and Methods. Data are represented as least squares means (n = 3 wells/treatment) and significance was accepted at P ≤ 0.05. †Denotes a significant difference from the negative control (group 1).
exposed to 10 U/L for 4 h ( Figure 4J ). Lipopolysaccharide-induced tumor necrosis factor-α factor (LITAF) expression was significantly upregulated in LA cells incubated with 1,000 U/L for 2 h in the presence or absence of LPS; however, expression was higher in group 2 HA cells incubated with 100 U/L for 2 h ( Figure 4K) . Following 4 h of incubation, LITAF expression was significantly elevated in group 2 LA cells exposed to 10 and 100 U/L, group 4 LA cells exposed to 100 U/L, as well as group 3 cells ( Figure 4L ). In the presence of Figure 3 . Genes more highly expressed in high antibody (HA) lines compared with low antibody (LA) lines. Data show effect of Clostridium perfringens α-toxin (Phospholipase C, Type 1; Sigma Aldrich, St. Louis, MO) on gene expression in peripheral blood mononuclear cells isolated from chicken lines genetically selected for antibody response to SRBC. Groups 3 and 4 were stimulated with lipopolysaccharide (LPS; 5 µg/ mL) for 4 h, and groups 2 and 4 were incubated with varying concentrations (1, 10, 100, and 1,000 U/L) of α-toxin for 2 h (panels A, C, E, and G) and 4 h (panels B, D, F, and H). Gene expression was analyzed by quantitative real-time PCR. Relative quantitation of gene expression was calculated using the ΔΔCt method and glyceraldehyde-3-phosphate dehydrogenase served as the endogenous control. Average ΔCt values of group 1 served as the calibrator. Data are represented as least squares means (n = 3 wells/treatment) and significance was accepted at P ≤ 0.05. *Denotes a significant difference between LA and HA cells. †Indicates a significant difference from the negative control (group 1). IFN = interferon; IL = interleukin.
LPS, LA cells exhibited significantly higher CXCLi1 expression when subjected to 1,000 U/L of toxin for 2 h ( Figure 4M) . Following 4 h of toxin incubation, LA cells exposed to 100 U/L in the presence or absence of LPS had significantly upregulated IL-13 expression compared with HA cells ( Figure 4N) . A summary of gene expression results is provided in Table 3 .
DISCUSSION
Cell Proliferation
Long-term selection for HA or LA response to SRBC has resulted in differences between lines in cell proliferation. Although proliferation does not appear to be 5 µg/mL) for 4 h, and groups 2 and 4 were incubated with varying concentrations (1, 10, 100, and 1,000 U/L) of α-toxin for 2 h (panels A, C, E, G, I, K, and M) and 4 h (panels B, D, F, H, J, L, and N). Gene expression was analyzed by quantitative real-time PCR. Relative quantitation of gene expression was calculated using the ΔΔCt method and glyceraldehyde-3-phosphate dehydrogenase served as the endogenous control. Average ΔCt values of group 1 served as the calibrator. Data are represented as least squares means (n = 3 wells/treatment) and significance was accepted at P ≤ 0.05. *Denotes a significant difference between LA and HA cells. †Indicates a significant difference from the negative control (group 1). IL = interleukin; iNOS = inducible nitric oxide synthase; and LITAF = lipopolysaccharide-induced tumor necrosis factor-α factor.
highly time dependent (2 vs. 4 h of incubation), it is important to take note of the significant contrast observed between LA and HA cells at low (1 and 10 U/L) and high (100 and 1,000 U/L) α-toxin levels. Another critical outcome was the greater proliferative response displayed by the HA line, when primed with LPS, than those from the LA line. These results provide evidence for a more advanced secondary immune response to C. perfringens infection in HA than in LA chickens. Perhaps chickens from the HA line are better equipped for pathogen recognition and memory, thus allowing them to mount a more efficient immunological defense against invasion by C. perfringens.
The increased cell proliferation observed in both genetic lines for groups 2 and 4 at low toxin concentrations (1 and 10 U/L) than control cells (group 1) suggests exposure to α-toxin resulted in the activation of macrophages, thus alluding to an enhanced immune response during low infection levels. In terms of bacterial numbers or toxin production, these results suggest a cutoff point in which the immune system is no longer capable of operating and responding efficiently during severe infection.
Cytotoxicity
Following both 2 and 4 h of incubation with α-toxin, LA and HA cells showed increased cytotoxicity with increasing toxin concentration. The time trend for nonstimulated cells (group 2) was somewhat more variable; LPS-stimulated cells (group 4) increased cellular cytotoxicity in LA compared with HA chickens at all toxin levels. Regarding LPS-stimulated cells (group 4), it is relevant that at both time points (2 and 4 h), the percentage of cytotoxicity of cells isolated from the HA line began to plateau around 100 and 1,000 U/L, whereas cytotoxicity exhibited by LA cells continued to increase. These observations are consistent with our cell proliferation results, in that HA cells appeared to benefit greatly from LPS-priming, perhaps allowing HA chickens to mount a superior secondary immune response against C. perfringens. Cytotoxicity results may also provide a possible explanation for the significantly greater proliferation of LA than HA cells at higher toxin levels. The PBMC isolated from LA chickens exhibited severe cell death at high toxin concentrations, perhaps leading to increased cell proliferation to compensate for decreased cell numbers. As noted, cytotoxicity of HA cells plateaued at high toxin concentrations, implying that it may not have been necessary for energy to be allocated toward producing a large number of cells.
Gene Expression
The expression of 11 gene transcripts were analyzed by qRT-PCR with the objective of obtaining a better understanding of immune competence possessed by the 2 genetic lines of chickens (LA and HA), which originated from a common base population, during exposure to C. perfringens α-toxin. The immune transcripts investigated were chosen based on previous gene expression studies during C. perfringens infections in chickens (Park et al., 2008; Sarson et al., 2009; .
Elevated Expression in HA Compared with LA. As mentioned above, chickens from the HA line have been observed to be more resistant to infection by C. perfringens. The IFN-γ cytokine is an important pro-inflammatory cytokine produced by T and B lymphocytes, as well as natural killer cells, and is highly regulated by IL-12 and IL-18 Schroder et al., 2004; Giansanti et al., 2006) . The IFN-γ cytokine possesses antiviral properties against intracellular pathogens (Schroder et al., 2004) , an observation that coincides with the highly upregulated expression exhibited by HA cells, in comparison to LA cells. Although an increase in IFN-γ may not be necessarily beneficial during exposure to C. perfringens, it may partly explain the innate resistance of HA chickens to infections caused by intracellular pathogens. It is relevant that IFN-γ production appears to have been somewhat delayed in nonstimulated HA cells, whereas group 4 HA cells responded to LPS-stimulation with increased IFN-γ expression at an earlier time point. Interleukin-8, a CXC chemokine produced by macrophages, functions predominantly as a chemoattractant and therefore plays an important role in inflammation (Strober, 1998; Shahzad et al., 2010) . It displayed significantly upregulated expression in HA cells, compared with LA cells. Kogut et al. (2003) also reported a significant upregulation of IL-8 in primed chicken heterophils, following exposure to the intracellular bacterium Salmonella enteritidis. Interleukin-15 was also significantly upregulated in cells isolated from HA chickens, compared with those isolated from LA chickens. Apparently α-toxin exposure resulted in a shutdown of IL-15 in the LA line, because expression in LA cells was downregulated compared with the control. In mammals, IL-15 plays an important role in cell-mediated immunity by regulating the proliferation and activation of T and natural killer cells (Giansanti et al., 2006) , and chicken IL-15 is structurally homologous to its mammalian counterpart (Lillehoj et al., 2001 ). In humans, IL-15 has been spe- cifically cited as an important immunomodulator during invasion by intracellular organisms (Jullien et al., 1997; Waldmann and Tagaya, 1999) , which may again, point to the reason behind the upregulated expression of IL-15 observed in HA cells. Interleukin-13 is unique in that it was the only interleukin to exhibit differences in expression between LA and HA cells at the 2 points in time. Following 2 h of incubation with α-toxin, IL-13 expression was greater in HA than LA cells, but not after 4 h. In mammals, IL-13 shows a preference toward a Th2 immune response by specifically inhibiting production of pro-inflammatory modulators, as well as the NFκB pathway (Miyoshi et al., 2007) . Compared with the control, IL-13 was upregulated at higher toxin concentrations in both LA and HA cells; however, HA cells showed a greater preference toward a Th2 response at an earlier time point and LA cells at a later time point.
Elevated Expression in LA Compared with HA. Cells isolated from LA chickens had significantly greater expression of IL-2 than cells isolated from HA chickens. Mammalian IL-2 has been identified as a cytokine cell growth factor that plays a role in the proliferation and differentiation of T and B lymphocytes as well as natural killer cells (Giansanti et al., 2006) . Chicken IL-2 is expressed by activated T cells (Kolodsick et al., 2001) and is capable of inducing chicken splenocyte proliferation in vitro (Stepaniak et al., 1999) as well as priming heterophils to elicit a phagocytic response during bacterial infections (Kogut et al., 2002) .
That IL-2 has an important role in priming the immune system during invasion by extracellular pathogens may partly explain the upregulated expression in isolated LA cells. Also relevant is the difference in IL-2 expression between 2 and 4 h of incubation with α-toxin. Although IL-2 transcripts were more elevated in LA than HA cells at both time points, upregulated expression was only observed in LPS-stimulated cells at 2 h, whereas expression was only increased in nonstimulated LA cells at 4 h. These results suggest that although IL-2 expression may have been somewhat delayed in nonstimulated cells, LPS-priming was successful in boosting IL-2 expression early on; however, the effect appears to disappear by the 4-h time point. Expression of IL-10 was also mostly elevated in LA cells compared with HA cells. Expression of IL-10 cytokines favors a Th2 immune response by downregulating the production of pro-inflammatory cytokines (Giansanti et al., 2006) . Chicken IL-10 has been observed to specifically inhibit IFN-γ expression (Giansanti et al., 2006) , which may partly explain the decreased IFN-γ expression in LA cells relative to HA cells.
Conversely, the pro-inflammatory cytokine IL-18 was also significantly upregulated in LA cells compared with HA cells. The IL-18 cytokine is expressed by several immune cells and is responsible for the induction of IFN-γ synthesis Giansanti et al., 2006) . Its role in immunity is seemingly antagonistic to the function of IL-10, which makes it difficult to explain the lower IFN-γ expression in LA than HA cells. It should be noted, however, that the included figures are presented in such a way as to specifically compare responses of LA and HA cells. Another proinflammatory cytokine that exhibited elevated levels in LA than HA cells was IL-16, which also functions as a mediator of inflammation by possessing strong chemotactic activity for CD4 + T lymphocytes (Cruikshank et al., 2000) . Chicken IL-16 is highly expressed in the bursa of Fabricius, suggesting a possible role in the development of B lymphocytes (Min and Lillehoj, 2004) .
Also known as K60, CXCLi1 is a chemokine that acts as a chemoattractant for neutrophils in mammals (Giansanti et al., 2006) . Expression is highly upregulated in chicken HD-11 cells exposed to IFN-γ and IL-1β, but not IFN-α or IFN-β (Sick et al., 2000) . In our experiment, CXCLi1 expression was significantly greater in LA than HA cells treated with α-toxin for 2 h. Following 4 h of incubation with toxin, CXCLi1 expression was higher in HA cells at the 100 U/L concentration. Unfortunately, we do not have gene expression data for cells exposed to 1,000 U/L α-toxin for 4 h, which would be important for comparison given that CXCLi1 expression was consistently low at the lower toxin concentrations (1, 10, and 100 U/L).
One of 3 forms of NOS, iNOS is predominantly produced by macrophages (Lin et al., 1996) . Functioning as a catalytic enzyme in production of NO, NOS has an important role in the immune system by acting as a cytotoxic and tumoricidal agent (Lin et al., 1996) . We found that iNOS expression was significantly more upregulated in cells isolated from LA than HA, which may aid them in mounting a more effective immune response during invasion by extracellular pathogens. Hussain and Qureshi (1997) observed a difference in the ability of chicken macrophages isolated from different genetic sources to produce nitrite. They reported that LPS-stimulated macrophages from GB1 (B13B13) and GB2 (B6B6) chickens produced significantly less nitrite compared with the Cornell K-strain (B15B15) of White Leghorn chickens. This was also the case for MQ-NCSU cells. These findings provide an additional perspective in terms of our study, because LA chickens (B13B13) exhibited increased iNOS expression compared with HA chickens (B21B21), and Hussain and Qureshi (1997) found GB1 (B13B13) chickens were actually hyporesponsive to LPS in terms of nitrite production, compared with other genetic lines. Expression of LITAF is predominantly in the spleen of chickens as well as in intestinal intraepithelial lymphocytes (Hong et al., 2006) . Expression of LITAF was found to be significantly elevated in LA cells, compared with HA cells, particularly at the 4-h time point. Moreover, HA cells exposed to α-toxin for 4 h showed downregulated expression compared with the control. In previous in vitro studies, LITAF was found to be upregulated in macrophages exposed to E. coli, Salmonella Typhimurium, E. acervulina, E. maxima, and E. tenella (Hong et al., 2006) . It is possible that increased LITAF expression has a role in the resistance of LA chickens to E. coli and Salmonella Typhimurium.
The results of this study have cultivated an exceptional appreciation for the complexities of immune responses possessed by these 2 genetically divergent lines of chickens that originated from a common base population. There certainly appears to be a distinct difference in the immune repertoire maintained by LA and HA chickens, specifically in response to C. perfringens α-toxin. In future work, it would be relevant to compare gene expression profiles produced by exposure to different strains of C. perfringens as well as different C. perfringens toxins, such could explain the variation commonly seen among studies (Park et al., 2008; Sarson et al., 2009; Zhou et al., 2009) . Clostridium perfringens α-toxin is most likely not the sole mediator of necrotic enteritis infection, thus, it would be helpful to conduct similar ex vivo experiments using additional C. perfringens toxins or perhaps cell-free culture supernatant. Additionally, successfully inducing necrotic enteritis in a live bird trial could provide valuable insights to further our understanding of the divergent immune responses exhibited not only by these 2 lines but among other populations.
